The ponA gene of Mycobacterium smegmatis encodes a 95-kDa penicillin binding protein, PBP1, that is similar to PBP1s of Mycobacterium tuberculosis and Mycobacterium leprae. Transposon disruption of ponA in M. smegmatis resulted in a PBP1-deficient mutant that was sensitive to ␤-lactam antibiotics, was more permeable to glycine, and grew slowly in liquid culture.
Most bacteria have several penicillin binding proteins (PBPs) that catalyze the final steps of peptidoglycan synthesis. In Escherichia coli PBP1a (encoded by ponA) and PBP1b (encoded by ponB) are similar high-molecular-weight (HMW) class A PBPs possessing transglycosylase and transpeptidase activities. E. coli can tolerate inactivation of either ponA or ponB without any significant phenotypic changes, but disruption of both is lethal (13) . Both Mycobacterium leprae and Mycobacterium tuberculosis have pairs of genes encoding putative HMW class A PBP1s. In M. tuberculosis the genes are denoted ponA1 and ponA2 (4) , while in M. leprae they are denoted ponA (2) and pon1* (8) . We identified a ponA gene of Mycobacterium smegmatis that encodes a PBP1 and have characterized a mutant whose ponA was disrupted by transposon mutagenesis.
M. smegmatis mc 2 155 transposon mutants (3) were grown on media containing azocarmine to screen for mutants that had cell permeability defects. One mutant, designated MUT1, stained intensely and was tested for antibiotic sensitivity. The MICs were determined by an agar dilution method. MUT1 was markedly more sensitive to ␤-lactam antibiotics than the parental strain; however, it had normal levels of sensitivity to the other antibiotics tested (Table 1) .
␤-Lactam antibiotics covalently bind and inactivate PBPs, resulting in cell death. M. smegmatis is naturally resistant to ␤-lactam antibiotics. ␤-Lactam sensitivity in MUT1 may result from increased cell penetration, loss of ␤-lactamase activity, or alteration of the target PBPs. The ␤-lactamase activity in cell lysates was determined by monitoring the rate of hydrolysis of the chromogenic cephalosporin nitrocefin (6) . Assays were done three times in duplicate. The levels of ␤-lactamase activity were equivalent in mc 2 155 (0.291 Ϯ 0.035 mol/min/mg [mean Ϯ standard deviation]) and MUT1 (0.273 Ϯ 0.035 mol/min/mg); therefore, ␤-lactam antibiotic sensitivity was not due to reduced ␤-lactamase activity.
The permeability of the cell envelopes was determined by measurement of the rate permeation by [ 14 C]glycine into the cell (6, 15) . The rate of [ 14 C]glycine uptake by MUT1 (15.33 Ϯ 0.79 nmol/min/mg) was twice the rate of uptake by mc 2 155 (7.70 Ϯ 0.46 nmol/min/mg), indicating that the mutant was more permeable than the wild type. The increased permeability of the cell envelope of the mutant may contribute to its antibiotic sensitivity by allowing more ␤-lactam antibiotic to enter the cell.
The growth rate of MUT1 was compared to that of the parent strain in several liquid media, including brain heart infusion broth (Oxoid), Middlebrook 7H9 (Difco), Penassay broth (Difco), and Luria-Bertani (LB) broth (Oxoid). The NaCl content of all media was adjusted to 0.17 M NaCl. Growth of the culture was monitored by counting viable cells or measuring biomass accumulation (9) . In all media, the mutant MUT1 grew slower than the wild type and failed to reach the same final cell density at stationary phase, suggesting that PBP1 was required for normal growth. Representative data for cultures grown in LB broth are shown (Fig. 1A) .
The gene disrupted in MUT1 by Tn611 was determined by inverse-PCR amplification of the chromosomal sequence flanking the site of insertion with the Tn611-specific oligonucleotide primers 5Ј GAACCGCTTCGCTGCCTTG and 5Ј AACCACCATTTCGCAGCAGC on a genomic DNA template that had been digested with RsaI and then self-ligated. The nucleotide sequence of the PCR product showed identity to M. tuberculosis ponA1 and M. leprae ponA. The PCR product was used as a probe to screen a Lambda Fix II (Stratagene) M. smegmatis genomic library by plaque hybridization (11) . Two clones were further analyzed by restriction endonuclease digestion and Southern hybridization with the PCR-generated probe. Two overlapping fragments, a 4-kb XhoI fragment and a 5-kb BamHI fragment, were subcloned into pBluescript SK (Stratagene) for sequence analysis. The resulting plasmids, named pHBJ154 and pHBJ155, were used to derive the com- plete sequence of ponA and that of a neighboring gene designated orf2 (Fig. 2) . A Southern blot of MUT1 genomic DNA, probed with sequences from Tn611, showed that only one copy of Tn611 had inserted into the chromosome (data not shown).
The ponA gene encoded a protein (715 amino acids) with high sequence similarity to the PBP1s of M. tuberculosis ponA1 (83%) and M. leprae ponA (78%). Similarity to the E. coli PBP1a was low and was restricted mainly to motifs that are conserved in HMW class A PBPs (5) . An open reading frame (ORF) with a putative coding region of 1,662 bp was adjacent to ponA. The ORF encoded a product of unknown function and was provisionally designated orf2 (Fig. 2) . The orf2 gene product had high amino acid sequence similarity to the proteins encoded by CY21D4.14 in M. tuberculosis (80%) and MLCB1913.22c in M. leprae (63%) but was not similar to other sequences in GenBank. The organizations of the ponA and orf2 homologues were conserved in all three of the mycobacterial species. In each case the orf2-like ORF overlapped the 3Ј end of ponA.
A PBP detection assay was performed to determine if the disruption of ponA altered the PBP profile in M. smegmatis. Membranes were extracted from wild-type and MUT1 cells that had been grown to mid-log phase (1), and the membraneassociated PBPs were labelled with [
14 C]benzylpenicillin (12) . Labelled PBPs were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (7) and fluorography. Five major PBPs were detected in the wild type, as was seen previously for this species (1) (Fig. 3) . The most intense bands on the fluorogram corresponded to PBP1 (95 kDa), PBP2 (80 kDa), and PBP4 (55 kDa). The ponA mutant completely lacked the 95-kDa PBP1 (Fig. 3) . Bands corresponding to PBP3 (66 kDa) and PBP5 (40 kDa) (Fig. 3) were less intense and varied between experiments, possibly due to differences in sample preparation.
The Tn611 insertion in ponA could have had polar effects on orf2 and downstream genes. Such effects may contribute to the observed phenotype of MUT1. In order to test for polar effects, another mutant was made by targeted disruption of orf2 as follows. The plasmid pHBJ155, which contains orf2 on a 5-kb BamHI fragment in pBluescript SK (Fig. 2) , was digested with BglII to remove a 752-bp fragment from the coding region of orf2. A streptomycin resistance cassette was excised from pUC19⍀ (10) by BamHI digestion and ligated into BglII-digested pHBJ155, resulting in pHBJ163 (Fig. 2) . A kanamycin resistance marker was excised from pUC4K (14) with SalI and cloned blunt ended into XhoI-cut pHBJ163. The product of this cloning, pHBJ183, had orf2 disrupted by the streptomycin resistance gene and had a kanamycin resistance gene to facilitate screening for double-crossover events into the mycobacterial chromosome (Fig. 2) . Wild-type M. smegmatis was transformed with pHBJ183, and some streptomycin-resistant, kanamycin-sensitive transformants were obtained. One such transformant, designated MUT2, had undergone double homologous recombination with pHBJ183 (data not shown), resulting in the disruption of the chromosomal copy of orf2. MUT2 was essentially the same as the wild-type strain with regard to growth rate, salt requirements (Fig. 1B) , and antibiotic sensitivity (Table 1) . These results indicate that polar effects of Tn611 insertion in ponA did not influence the phenotype observed in MUT1.
In summary, we have identified an ORF, ponA, in M. smegmatis that encodes a 95-kDa protein named PBP1. Insertional inactivation of ponA resulted in a mutant that lacked PBP1, was sensitive to ␤-lactam antibiotics, and had increased cell wall permeability. The 95-kDa PBP1 must not be essential to M. smegmatis, and other isoenzymes may partially substitute for PBP1 during peptidoglycan synthesis.
Nucleotide sequence accession number. The nucleotide sequences of ponA and orf2 were submitted to the Genbank, EMBL, and DDBL databases and assigned accession no. AF187306. 
